Expression of pituitary and placental members of the human GH and chorionic somatomammotropin (CS) gene family is directed by an upstream remote locus control region (LCR). Pituitary-specific expression of GH requires direct binding of Pit-1 (listed as POU1F1 in the HUGO database) to sequences marked by a hypersensitive site (HS) region (HS I/II) 14 . 6 kb upstream of the GH-N gene (listed as GH1 in the HUGO database). We used human embryonic kidney 293 (HEK293) cells overexpressing wild-type and mutant Pit-1 proteins as a model system to gain insight into the mechanism by which Pit-1 gains access to the GH LCR. Addition of Pit-1 to these cells increased DNA accessibility at HS III, located 28 kb upstream of the human GH-N gene, in a POU homeodomain-dependent manner, as reflected by effects on histone hyperacetylation and RNA polymerase II activity. Direct binding of Pit-1 to HS III sequences is not supported. However, the potential for binding of ETS family members to this region has been demonstrated, and Pit-1 association with this ETS element in HS III sequences requires the POU homeodomain. Also, both ETS1 and ELK1 co-precipitate from human pituitary extracts using two independent sources of Pit-1 antibodies. Finally, overexpression of ELK1 or Pit-1 expression in HEK293 cells increased GH-N RNA levels. However, while ELK1 overexpression also stimulated placental CS RNA levels, the effect of Pit-1 appeared to correlate with ETS factor levels and target GH-N preferentially. These data are consistent with recruitment and an early role for Pit-1 in remodeling of the GH LCR at the constitutively open HS III through protein-protein interaction.
Introduction
The five human GH/chorionic somatomammotropin (CS) gene family members include pituitary GH (GH-N, listed as GH1 in the HUGO database), placental GH variant (GH-V, GH2), and the placenta-expressed CS genes (CS-A (CSH1), CS-B (CSH2), and CS-L (CSHL1)), contained within a single 47 kb locus on chromosome 17 (Chen et al. 1989) . The five GH/CS genes are aligned in the same transcriptional orientation in the order 5 0 -GH-N/CS-L/CS-A/GH-V/CS-B-3 0 , share 90-99% nucleotide sequence similarity, and are believed to have evolved by gene duplication (Chen et al. 1989) . The separate expression of GH family members in pituitary and placenta distinguishes the GH/CS locus from the extensively studied b-globin locus, where expression is restricted to a single tissue type (erythroid tissues) with varied expression during developmental stages (Bulger et al. 1999) . Thus, the GH/CS locus offers a useful model to investigate the molecular mechanisms involved in tissue-specific gene regulation.
The expression of the GH/CS genes is largely under the control of a remote locus control region (LCR), located 14-32 kb upstream of the GH-N promoter and encompassing a total of five hypersensitive sites (HS I-V; Jones et al. 1995 , Jin et al. 2009 ). The appearance of HS I/II is specific to pituitary somatotrophs, while HS IV is unique to placental tissue. HS III and HS V appear in both tissues, and more recently, it was reported that HS III is in fact ubiquitous (Kimura et al. 2007) . Even though HS I/II are required for pituitary expression of GH-N ( Jin et al. 1999 , Shewchuk et al. 1999 , the inclusion of the entire, intact LCR encompassing HS I-V was required to recapitulate appropriate levels of pituitary-specific human GH-N expression in transgenic mice ( Jones et al. 1995 , Bennani-Baiti et al. 1998 . Distinct patterns of histone acetylation and methylation were associated with pituitary and placental chromatin (Ho et al. 2004 , Kimura et al. 2004 ). In the pituitary, these epigenetic modifications are dependent on i) the presence of HS I (Ho et al. 2002) and ii) the extension of LCR transcription (measured by RNA polymerase (pol) II activity) from HS I/II in the direction of the GH-N gene (Ho et al. 2008) . Chromatin conformation capture (3C) analysis has revealed the inclusion of the GH-N promoter, specific to pituitary chromatin, in a common complex with both the HS I/II and the HS III, V regions (Ho et al. 2008) . This physical association of the GH-N promoter with the LCR complex is also dependent on both the presence of HS I and transcriptional activity downstream from the LCR. Interestingly, in the absence of GH-N promoter juxtaposition (and, consequently, GH-N expression) , the regions containing HS I/II and HS III, V remain in close approximation (Ho et al. 2008) .
HS I/II contain multiple Pit-1(POU1F1)-binding sites that are sufficient to confer pituitary-specific expression in vivo (Jin et al. 1999 , Shewchuk et al. 1999 . The binding of Pit-1 in this region is known to be an important step in the development of pituitary GH-N expression (Shewchuk et al. 2006) , which defines the somatotroph. However, Pit-1 protein is expressed in three of the five hormone-producing cell types of the anterior pituitary including prolactin-producing lactotrophs and thyroid-stimulating hormone-producing thyrotrophs (Li et al. 1990 , Radovick et al. 1992 . If the presence of Pit-1 alone were sufficient for gaining access to HS I/II and/or activation of the GH locus, then GH-N RNA expression might be expected in lactotrophs and thyrotrophs as well as in somatotrophs. Nonetheless, the ability to identify and dissect the events resulting from the appearance of Pit-1 in terms of GH-N expression has been hampered by both the inherent difficulty in obtaining human embryonic cells of the pre-somatotroph lineage and the differences between the GH(CS) locus in primates and non-primates.
Here, we have pursued the expression of Pit-1 in a human embryonic kidney 293 (HEK293), and hence non-pituitary/placenta, cell line as a model system to examine potential early-stage interactions between Pit-1 and the human GH gene locus. Effects on chromatin associated with increased DNA accessibility were detected at HS III, in spite of the presence of highaffinity Pit-1 DNA elements at HS I/II and their absence at HS III. Evidence for an effect mediated through protein-protein interaction and independent of direct DNA binding using Pit-1 mutants is discussed.
Materials and methods
Cell culture, plasmid construction, and gene transfer HEK293 cells were maintained at 37 8C in a monolayer culture in DMEM (pH 7 . 4) supplemented with 5% fetal bovine serum and antibiotics in a humidified air/CO 2 (19:1) atmosphere. The c-myc/Pit-1 expression vector was obtained by inserting the human Pit-1 cDNA downstream of the pCMV-myc expression vector (Clontech Laboratories, Inc). The cDNA for wild-type (wt) and mutant Pit-1 proteins, including complete deletion of the POU homeodomain (DPOU HD ), and POU-specific domain (DPOU S ), as well as partial deletion of the N-terminal trans-activation domain ), were kindly provided by Dr H Ingraham (Ingraham et al. 1990b) , and were re-inserted into the expression vector pcDNA3.1. The construct containing a hybrid thymidine kinase (TK) promoter/firefly luciferase (luc) gene with a 1 . 6 kb BglII fragment containing HS I/II from the human GH LCR inserted upstream (HS I/IITKp.luc) is described elsewhere as 1.6GTKp.luc ( Jin et al. 1999) . Transient gene transfer was performed using a hightransfection efficiency method 'Trans-IT293 reagent' (Mirus Bio Corp., Madison, WI, USA) according to the manufacturer's directions. Cells were harvested 48 h after transfection, and nuclei and RNA were isolated. Luc activity was measured after cell lysis in Tris-Triton buffer (100 mM Tris-HCl (pH 7 . 8) and 0 . 1% Triton X-100) using a photon-counting luminometer (Lumat LB9507; Berthold Technologies, Oakville, TN, USA). Values were normalized with protein concentration, which was assessed using the Bradford protein assay and BSA as a standard.
Electrophoretic mobility shift assay
Electrophoretic mobility shift assay (EMSA) was performed essentially as described previously (Norquay et al. 2006) . Competitor oligonucleotide was pre-incubated with cellular nuclear extracts and poly(dI-dC) in a reaction buffer (10 mM Tris-HCl (pH 7 . 5); 50 mM NaCl; 1 mM dithiothreitol; 1 mM EDTA; and 5% (v/v) glycerol) for 10 min at room temperature. Radiolabeled oligonucleotide probes were added, and the reaction mixtures were incubated for a further 10 min at room temperature. Antibodies to c-myc (Clontech #631604), Pit-1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA, X-7, sc-442), ETS1 (Santa Cruz Biotechnology Inc., sc-111X), and ELK1 (Santa Cruz Biotechnology Inc., sc-355) were added to the binding reaction mixtures, and incubated for 10 min further at room temperature. Recombinant Pit-1 protein (Santa Cruz Biotechnology Inc., sc-4014) was also used. The DNA-protein complexes were resolved in non-denaturing 5% (w/v) polyacrylamide gels and visualized by autoradiography. The sequences of the oligonucleotide probes can be found in Supplementary Table 1 , see section on supplementary data given at the end of this article.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed using a modified human tissue procedure as described previously (Norquay et al. 2003) . In brief, cells were harvested 48 h after transfection in cold PBS buffer, and crosslinked with formaldehyde before lysis and sonication of chromatin. Insoluble material was removed by centrifugation, and the DNA content was measured by spectrophotometry. Chromatin was precleared for 3 h, immunoprecipitated overnight at 4 8C, pelleted by the addition of protein A/G sepharose, and reverse crosslinked at 68 8C. DNA was isolated using QIAquick columns (Qiagen), and was further analyzed by PCR. PCR was performed using 10 ng of input DNA or 5 ml of eluted (bound) DNA per PCR (Taq DNA pol; Qiagen) at an annealing temperature of 55 8C for 27 cycles. Primers used for PCRs can be found in Supplementary Table 2 , see section on supplementary data given at the end of this article. A region of the fibroblast growth factor-16 (FGF16) gene, which is expressed predominantly in embryonic brown adipose tissue and in postnatal heart, was used as a control for non-specific sequences present in our bound sample as described previously for the assessment of pituitary and placental chromatin (Norquay et al. 2003 , Jin et al. 2004 .
RNA preparation and non-coding transcription analysis
Total RNA was extracted from transfected HEK293 cells using QIA shredder and RNeasy Plus Mini Kit (Qiagen). A series of sense and anti-sense strand-specific reverse transcriptase (RT) primers were generated to detect bi-directional transcripts in approximately every 1 kb beginning upstream of HS V and downstream across HS I/II and to the GH-N promoter (Supplementary Table 3 , see section on supplementary data given at the end of this article). For RT-PCR analysis, 1 mg of RNA was reverse transcribed with the addition of 5 picomolar sequencespecific RT primer first, and then with MMLV transcriptase (Invitrogen Life Technologies). Minus RT reactions were also set up to confirm the absence of genomic DNA contamination. Ten percent of the RT reaction mixture was used for PCR. PCR primers (Supplementary Table 4 , see section on supplementary data given at the end of this article) were designed downstream of each sequencespecific RT primer in the sense direction. PCR was performed at an annealing temperature of 55 8C for 30 cycles using Taq DNA pol (Qiagen).
Protein blotting and immunoprecipitation
For the detection of wt and mutant Pit-1 proteins in transfected HEK293 cells, 20-mg whole cell protein from transfected cells was analyzed by protein blotting as described previously (Norquay et al. 2006) . Polyclonal goat antibodies to the amino terminus of human Pit-1 were used to detect wt and mutant Pit-1 proteins (N-20, #sc-16288, Santa Cruz Biotechnology Inc.) . For immunoprecipitation (IP) experiments, all the steps were carried out at 4 8C. Initially, 200-mg nuclear extract from transfected HEK293 cells was pre-cleared for 1 h with 20-ml protein A/G plus agarose. Pre-cleared extracts were then equally divided into control and experimental groups for IP with 2-mg normal mouse serum (Santa Cruz Biotechnology Inc., sc-45051) or c-myc monoclonal antibody (Clontech Laboratories, Inc.) respectively. IP was carried out overnight, and on the following day, extracts were incubated with protein A/G plus agarose for 3 h. Washes were done for 2 min using the following: supplemented NET buffer (50 mM Tris, pH 7 . 5; 500 mM NaCl; 0 . 1% NP-40; and 1 mM EDTA), followed by NET buffer (50 mM Tris, pH 7 . 5; 150 mM NaCl; 0 . 1% NP-40; and 1 mM EDTA), and a final wash buffer (10 mM Tris and 0 . 1% NP-40). The immunoprecipitates were then extracted with 0 . 4, 0 . 6, and 1 . 0 M KCl. Protein was recovered using 10K Nanosep centrifugal devices (PALL Life Sciences) according to the manufacturer's instructions. The protein fraction was then assessed by EMSA with different radiolabeled oligonucleotides.
IP using the 'Universal Magnetic Co-IP' kit were performed according to the manufacture's instructions. In brief, 2-g post-mortem human pituitary tissue samples (obtained from the Human Pituitary Repository, Protein and Polypeptide Laboratory, University of Manitoba) were used to harvest nuclear proteins according to the kit instruction. Three hundredmicrogram nuclear proteins were used in each IP reaction. The antibodies against ETS1 (N-276, sc-111, Santa Cruz Biotechnology Inc.) and ELK1 (I-20, sc-355, Santa Cruz Biotechnology Inc.), as well as non-immune normal rabbit serum, were used to precipitate the associated proteins. Purified proteins were then resolved by SDS-PAGE, immunoblotted, and detected with two separate Pit-1 antibodies (N-20, #sc-16288, and affinity purified rabbit antibodies to a polyhistidine fusion protein including full-length rat Pit-1, X-7, #sc-442, Santa Cruz Biotechnology Inc).
DNA affinity purification
Forty picomoles of double-stranded biotinylated oligonucleotides (bioETS/HS III) were coupled to 0 . 2 mg of streptavidin magnetic beads (Promega Corp.), and affinity purification of nuclear extract from transfected HEK293 cells was done at room temperature as described previously (Norquay et al. 2006) . Beads were washed three times, and then, bound protein complexes were removed from the beads by boiling for 5 min in Laemmli sample buffer, followed by immunoblotting. 0 . 025% DMSO, 0 . 6 ml (1:1000 dilution) of SYBR green (Sigma, S9430), 0 . 3 ml (1:1000 dilution) of fluorescein calibration dye (Bio-Rad, Cat# 170-8780), and 0 . 75 units of platinum Taq DNA pol (Invitrogen). Thermal cycling was initiated with a 4-min denaturation at 95 8C followed by 40 cycles of 95 8C for 30 s, and annealing at 60 8C for 15 s and 72 8C for 30 s. Standard curves were generated using plasmids containing the amplicon sequences for GH-N, CS-A/B, GH-V, and GAPDH. Minus RT control reactions were performed using the same PCR primers and thermal cycle conditions to detect evidence of genomic DNA contamination. Specific amplifications were identified by a single peak in the melting curve and a single band in the final PCR product visualized on an agarose gel. The gene expression level in each sample (absolute quantification) was calculated from the standard curve and normalized to human GAPDH expression as appropriate. Tests were run in duplicate on independent samples. All amplicon sequences were confirmed by sequencing.
Statistical analysis
Statistical analysis was performed using GraphPad Instat software (GraphPad, La Jolla, CA, USA). For single comparisons, paired t-tests were applied, and for multiple comparisons, one-way ANOVA was used with the Tukey-Kramer or Dunnet's post-test as appropriate.
A value of P!0 . 05 is considered statistically significant (*P!0 . 05; **P!0 . 01; ***P!0 . 001).
Results
Evidence for increased DNA accessibility at HS III through the association with an intact Pit-1 POU homeodomain
In the absence of human pituitary pre-somatotrophs, wt and mutated Pit-1 proteins were compared for their effects on chromatin remodeling and DNA accessibility in the (inactive) GH LCR in HEK293 cells. Expression vectors for wt Pit-1 and for previously reported mutants lacking three significant regions of the Pit-1 protein were generated: these include complete DPOU HD , complete DPOU S , and partial DN 8-128 (Ingraham et al. 1990b) . For acetylation, antibodies to hyperacetylated histone H4 were used in combination with PCR to detect the HS III region by ChIP assay in cells 48 h after gene transfer. The bound/input ratios were expressed relative to FGF16 as described for the assessment of transfected c-myc/Pit-1 expression . In a series of five independent experiments, expression of wt Pit-1 was associated with increased histone H4 hyperacetylation at HS III ( Fig. 1) , as observed previously with c-myc/Pit-1 expression . However, this effect was lost with the DPOU HD or the N-terminal trans-activation domain ). In contrast, disruption of the POU-specific domain (DPOU S ) did not result in a loss of hyperacetylation. value for non-transfected cells was 2 . 18, and was used to generate relative values (bold) for fold effect.
X YANG and others . Pit-1 interaction at HS III in the GH LCR
The effect of Pit-1 on DNA accessibility to RNA pol II was assessed through the detection of relative levels of bi-directional (sense and anti-sense) non-coding RNA transcripts. RNA was isolated from cells 48 h after gene transfer and assessed using specific RT and PCR primers. Mean values for relative (to GAPDH) transcript levels at sites within the GH LCR were obtained ( Fig. 2A) . The highest and most significant levels of transcripts were observed associated with and immediately downstream of HS III.
To further characterize Pit-1 action, the fold effect of mutated versus wt Pit-1 proteins on DNA accessibility to RNA pol II was assessed through the detection of relative levels of (sense) non-coding RNA transcripts. RNA was again isolated from cells 48 h after gene transfer, and assessed using specific RT and PCR primers reflecting transcript levels in the GH LCR as indicated (Fig. 2B) . The results obtained with wt and mutated Pit-1 are normalized to GAPDH RNA levels to allow relative effects to be compared. As such, values are expressed as a fold effect of Pit-1 (wt or mutant) expression. Only disruption of the POU homeodomain resulted in a decrease in relative transcript levels and, thus, presumably RNA pol II Random transcripts (anti-sense and/or sense) were detected using sequence-specific reverse transcription primers followed by PCR. All values are normalized to GAPDH, which is presumed to be constitutively active, in each group individually, and then corrected relative to the non-transfected HEK293 group. (A) The mean relative RNA level at each region along the GH/CS locus is shown for c-myc/Pit-1 in the sense and anti-sense directions. Bars represent S.E.M. Statistical analysis was done by one-way ANOVA followed by Dunnet's post-test for multiple comparisons with a single control (nZ6), *P!0 . 05, **P!0 . 01. (B) The mean relative fold effects at each region along the GH/CS locus are shown for wild-type Pit-1 (wt) and each of the Pit-1 mutants (DPOU HD , DPOU S , and DN 8-128 ) in the sense direction (nZ3-5).
The relative position of each amplicon along the GH/CS locus is also shown. GHp, GH promoter; GH-N, GH gene. Bars represent S.E.M.
activity; in contrast, both the N-terminal and DPOU S mutants were still associated with increased transcript levels and, thus, appeared to retain the ability to stimulate RNA pol II activity (Fig. 2B) . Based on the literature, disruption of both the POU homeodomain and POU-specific domain is expected to interfere with DNA binding (Ingraham et al. 1990b) . Given the differential effects of these expression vectors on DNA accessibility (Figs 1 and 2 ), binding and transactivation properties of these mutants were re-assessed. Expression of wt and mutant Pit-1 proteins in transfected HEK293 cells was assessed by electrophoresis and immunoblotting using antibodies raised against total Pit-1 protein (Fig. 3A) . Major bands of the expected sizes were detected as appropriate. To assess binding of the different Pit-1 products to DNA, 1 mg of nuclear extract from transfected HEK293 cells was used with GH promoter (GHp) Pit-1 oligonucleotide probe in an EMSA (Fig. 3B) . The GHp Pit-1 oligonucleotide has been shown to direct pituitary-specific expression of reporter gene, to possess pituitary-specific binding activity, and to specifically bind to recombinant Pit-1 protein (Lefevre et al. 1987 , Nickel et al. 1991 , Nachtigal et al. 1993 , Jin et al. 1999 . Major binding complexes were detected with wt Pit-1 (solid arrowhead) and the N-terminal mutant DN (open arrowhead), and both could be competed with an unlabeled probe. Major complexes were not suggested with nuclear extracts containing Pit-1 mutants with deletion of either POU domain.
The ability of Pit-1 mutant proteins to trans-activate the HS I/IITKp.luc reporter gene was assessed in HEK293 cells. Cells were transfected with HS I/IITKp.luc and co-transfected with wt, DN 8-128 , DPOU S , or DPOU HD Pit-1. The activity in cell lysate was assessed after 48 h, and was corrected for DNA uptake through co-transfection with Renilla luciferase. Results are expressed as fold increase relative to HS I/IITKp.luc activity with no co-transfection (Fig. 3C) . Expression of wt Pit-1 significantly increased TK promoter activity. In contrast, there was no significant stimulation with mutations of Pit-1 in the DNA binding (DPOU HD and DPOU S ) or trans-activation (DN 8-128 ) domains. Thus, in spite of the differential effects of DPOU HD and DPOU S Pit-1 on DNA accessibility at HS III, this does not appear to correlate with DNA binding.
Pit-1 does not bind to Pit-1/Oct-1-like DNA elements in HS III-related sequences corresponding to nucleotides K28 225/K27 652 of the GH-N gene
The possible lack of a requirement for DNA binding was pursued. Initial inspection of HS I/II sequences in the GH LCR did not reveal Pit-1 DNA elements based on the identity with the known consensus (Pit-1) element available at that time (Bennani-Baiti et al. 1998 ).
However, given the pituitary-specific nature of HS I/II, we pursued the presence of Pit-1-like elements in this region and reported Pit-1 binding ( Jin et al. 1999) . This was confirmed by others (Shewchuk et al. 1999) , and was shown subsequently in elegant studies to be essential for remodeling of the GH locus and GH-N expression in transgenic mice in vivo (Ho et al. 2002) . As such, the potential for direct binding of Pit-1 to HS III-related DNA was first pursued by sequence analysis X YANG and others . Pit-1 interaction at HS III in the GH LCR using the MatInspector 2.2 binding site detection program based on the TRANSFAC 4.0 database (Quandt et al. 1995 , Wingender et al. 2000 . A 574 bp fragment of the HS III-related sequences, corresponding to nucleotides K28 225/K27 652 and possessing both binding and functional activities (Jin et al. 2004) , was analyzed using a consensus Pit-1 motif 5 0 -TWTAW-TAATWCAT-3
0 . There was no match for Pit-1; however, four Oct-1(POU2F1)-like elements (OLEa-d) were identified (Fig. 4A) . Both Pit-1 and Oct-1 are members of the POU-domain family of transcriptional activators, which can bind to DNA as heterodimers or associate with each other in the absence of DNA, via their POU domains (Voss et al. 1991) .
As a first approximation for 'direct' or 'indirect' association of Pit-1 with HS III sequences via an Oct-1 DNA element, nuclear proteins were isolated from HEK293 cells (Fig. 4B ) and HEK293 cells transfected with Pit-1 (HEK293/Pit-1; Fig. 4C ), and assessed by EMSA using a consensus Oct-1 motif (5 0 -ACAGCT-TACGTTTAGTGATCAA-3 0 ) as a DNA probe. A lowmobility complex was competed effectively with a 25! molar excess of Oct-1 oligonucleotide, but not with a mutated Oct-1 oligonucleotide (solid arrowhead I , Fig. 4B) ; this is consistent with the presence of Oct-1-binding activity in HEK293 nuclear protein. In contrast, no competition of this complex was observed with 25! molar excess of OLEa, b, c, or d, although some competition and thus suggestion of binding were observed with a 50! molar excess of OLEc (Fig. 4B) . Similarly, when HEK293/Pit-1 nuclear protein was used together with an Oct-1 consensus element as a probe, high-mobility complexes consistent with direct Pit-1 binding (e.g. solid arrowhead II) were observed in addition to the low-mobility complex (solid arrowhead I, Fig. 4C ). Again, these complexes were all competed effectively with a consensus Oct-1 oligonucleotide. The participation of Pit-1 in the high-affinity/mobility complexes was confirmed by specific competition with Pit-1 oligonucleotide, and 'supershift' with Pit-1 antibodies (open arrowhead, Fig. 4C ).
The ability of the four Oct-1-like sites (OLEa-d) to compete with recombinant Pit-1 protein was assessed by EMSA. As a positive control, the ability of Pit-1 protein to bind to the proximal Pit-1 GH-1 element of the GH-N promoter (GHp Pit-1) was confirmed, and a specific high-mobility complex was observed (solid arrowhead, Fig. 4D ) as described previously ( Jin et al. 1999) . The EMSA was repeated using a consensus Oct-1 element (5 0 -ACAGCTTACGTTTAGTGATCAA-3 0 ) as the free probe. Again, a specific complex of similar mobility was observed with Pit-1 protein (solid arrowhead, Fig. 4E ). This complex was competed effectively with 25! mass excess of unlabeled Oct-1 oligonucleotide. In contrast, there was no comparable competition with 50! excess of OLEa-d. The four OLEs (a-d) were also tested as specific probes for HEK293 versus HEK293/Pit-1 binding by EMSA. No specific binding related to Pit-1 expression was observed with OLEa-d as suggested by the lack of novel and specific complexes observed with the nuclear extract from HEK293/Pit-1 versus HEK293 cells (data not shown; Yang 2010).
Pit-1 and ETS family members participate in a common complex in human pituitary samples Previously, we showed that ETS factors can associate with the HS III-related sequences shown in Fig. 4A ( Jin et al. 2004 ). Furthermore, a POU homeodomaindependent interaction between Pit-1 and an ETS family member (ETS1) was shown to mediate prolactin expression (Bradford et al. 1997 (Bradford et al. , 2000 . To further examine the potential interaction between Pit-1 and ETS factors in the HEK293 cell system, and particularly in association with the HS III-related sequences, a 41 bp HS III oligonucleotide ( Jin et al. 2004 ) containing the OLEd sequences and thus ETS DNA element ( Fig. 4A and Supplementary Table 1) was conjugated with magnetic beads and used to extract nuclear proteins from HEK293 cells transfected with wt or mutant Pit-1 lacking the POU homeodomain (DPOU HD ). The input and bound fractions were analyzed by SDS-PAGE and immunoblotting (Fig. 5A ). When probed with Pit-1 antibodies, both wt and mutant Pit-1 appeared in the input fraction, but only wt Pit-1 was detected after bead extraction.
A potential interaction between ETS1 and ELK1 with Pit-1 was pursued in human pituitary tissue. Samples from human anterior pituitary and rat anterior pituitary tumor GC cells were first assessed after immunoblotting alone as positive sources of Pit-1 protein (controls). The major specific band detected in the control human pituitary sample with a goat antibody to an aminoterminal peptide of human Pit-1 (N-20) had an apparent molecular weight of 66 kDa, consistent with a Pit-1 homodimer. A band of w33 kDa (or monomer) was also detected in the human sample, but it was the major band detected in GC cell nuclear protein (Fig. 5B) . It is unclear why a human Pit-1 dimer exists or is preferred under the assay conditions. However, when the pituitary sample was treated/reduced with twice the concentration of dithiothreitol, a 33 kDa band was more readily detectable, although the 66 kDa species was still dominant (Fig. 5B) . Also, the 66 kDa band was the major species detected when a second Pit-1 antibody (rabbit polyclonal to rat Pit-1, X-7) was used to assess the isolated (input) human pituitary protein. This again indicates that the 66 kDa band has Pit-1 immunoreactivity and thus structure.
To assess the possible ETS family/Pit-1 interaction, nuclear protein was isolated from human anterior pituitary samples and immunoprecipitated using ETS1 and ELK1 antibodies, followed by immunoblotting using specific mouse monoclonal antibodies to Pit-1. Pit-1 immunoreactivity was detected after IP of human pituitary tissue with both ETS1 and ELK1 antibodies (Fig. 5C ).
To further assess a possible interaction between Pit-1 and ETS1 or ELK1 in the context of the effect observed in HEK293 cells after gene transfer, nuclear protein was isolated 48 h after transfection of HEK293 cells with c-myc/Pit-1 or c-myc tag alone. The nuclear protein was immunoprecipitated with antibody against c-myc or with non-immune mouse serum (NMS), and analyzed by SDS-PAGE and immunoblotting (Fig. 6A) . ETS1 was not detected after IP (with c-myc antibodies) and immunodetection with ETS1 antibodies (upper panel, Fig. 6A ). By contrast, a minor band of the appropriate size was observed with ELK1 antibodies, although detection was made difficult because of co-localization of other bands and, presumably, the low levels reflected in the extract before precipitation (lower panel, Fig. 6A ).
To clarify this result, the immunoprecipitates generated from HEK293 cells transfected with c-myc/Pit-1, using either c-myc antibodies or NMS, were extracted with 0 . 4, 0 . 6, and 1 . 0 M KCl, and assessed for the ability to bind to the previously identified (41 bp) ETS DNA element in HS III ( Jin et al. 2004) by EMSA (Fig. 6B) . A single shifted product was observed in the 0 . 4 M KCl fraction following IP with c-myc antibodies, but not in the other elution fractions or after precipitation with NMS (arrowhead, Fig. 6B ). The specificity of this interaction was assessed with a subsequent EMSA using the 0 . 4 M KCl c-myc fraction in the presence of ELK1 or ETS1 antibodies. Competition of the shifted band (arrowhead) was detected with the addition of ELK1 antibodies but not with that of ETS1 antibodies (Fig. 6C) . The EMSA was also repeated using the 41 bp HS III oligonucleotide, in which a 7 bp mutation of the ETS DNA element was introduced. The band associated with the 0 . 4 M KCl fraction and wt 41 bp HS III oligonucleotide was lost (Fig. 6D) .
Pit-1 but not ELK1 specifically increases endogenous GH-N versus CS gene expression in transfected HEK293 cells
The levels of endogenous GH/CS RNA were assessed in HEK293 cells transfected with human Pit-1 or ELK1 cDNA by real-time RT-PCR using primer sets designed for GH-N, CS-A/B, and GH-V transcripts respectively (Fig. 7) . Expression of GH-N RNA was increased significantly about sixfold in the presence of wt Pit-1. In contrast, neither CS-A/B nor GH-V RNA levels were increased significantly. Human GH/CS RNA levels were also assessed in HEK293 cells overexpressing the ELK1 cDNA. A 13-fold increase in GH-N RNA levels was observed; however, significant 3-to 4-fold increases in CS RNA levels were also detected. When Pit-1 and ELK1 were co-expressed, GH-N levels were increased 23-fold relative to non-transfected cells. Perhaps more importantly, Pit-1 again was associated with a significant and specific (10-fold) increase in GH-N RNA levels but not with (placental) CS or GH-V RNA levels relative to ELK1 overexpression alone (Fig. 7) .
Discussion
The POU homeodomain transcription factor Pit-1 plays an essential role in the activation of the GH locus in the pituitary through binding to HS I/II and proximal promoter (Jones et al. 1995 , Jin et al. 1999 , Shewchuk et al. 1999 ). However, a role for Pit-1 alone is not supported by the absence of GH-N expression in pituitary lactotrophs and thyrotrophs, both of which express Pit-1 protein (Li et al. 1990 , Radovick et al. 1992 . Studies using the mouse pre-somatotroph progenitor GHFT1 cell line demonstrated that HS III was the only HS within the GH LCR that showed a high level of histone H3 and H4 acetylation after stable gene transfer, suggesting the enrichment of HS III in the acetylated chromatin fraction in the Pit-1-containing pituitary-derived cell line (Elefant et al. 2000) . Thus, it is reasonable to propose that HS III serves as an initial Figure 4 Pit-1 does not associate directly with Oct-1-like elements located in the HS III-related sequences. (A) The sequence (5 0 -3 0 ) of the HS III fragment (K28 225/K27 652 in relation to the GH-N gene) is shown. Four Oct-1-like elements (OLEa-d) according to the MatInspector search are highlighted. The corresponding subfragments used in further EMSA studies are underlined. The ETS site according to MatInspector search is also indicated. (B) EMSA was done using a radiolabeled oligonucleotide containing the consensus Oct-1 DNA element as a specific probe and nuclear extract from non-transfected HEK293 cells. Unlabeled Oct-1 and mutant Oct-1 (Oct-1m) elements, as well as four Oct-1-like elements (OLEa, b, c, and d), were used as competitor oligonucleotides at 25-and 50-fold mass excess of probe. The mobility of a specific complex is indicated with a solid arrowhead. (C) EMSA was performed using the consensus Oct-1 DNA-binding element as a specific probe with nuclear proteins from HEK293 cells expressing Pit-1. Unlabeled Oct-1 and Oct-1m oligonucleotides as well as an oligonucleotide containing the Pit-1 element from the GH-N promoter (GHp Pit-1) were used as specific competitors at 25-and 50-fold mass excess of probe. Specific Pit-1 antibodies (Santa Cruz Biotechnology Inc., X-7, sc-442) were also used. Specific complexes are indicated with solid arrowheads. The 'supershift' is indicated by an open arrowhead. (D) EMSA was done using radiolabeled GHp Pit-1 oligonucleotide as a specific probe with recombinant Pit-1 protein (Santa Cruz Biotechnology Inc., sc-4014). The mobility of the specific complex is indicated with a solid arrowhead. (E) The recombinant Pit-1 protein was also incubated with the radiolabeled Oct-1 consensus element. Competitor oligonucleotides, including OLEa-d, were used at 25-and/or 50-fold mass excess of probe. The mobility of a specific complex is indicated by a solid arrowhead. FP, free probe; NE, nuclear extract; NRS, normal rabbit serum.
'entry' point for recruitment of tissue-specific factors such as Pit-1, which can then trigger chromatin remodeling and subsequent assembly of additional activator proteins ). In the current study, introduction of exogenous Pit-1 into non-pituitary HEK293 increased the accessibility of HS III-related DNA sequences to binding proteins through evidence of increased hyperacetylation and RNA pol II activity (Figs 1 and 2) . Thus, this supports the notion that HS III represents an early point of interaction between Pit-1 and the GH/CS LCR.
The ability of Pit-1 to increase RNA pol II activity (as an indirect indication of DNA accessibility to transcription factors) appears to require an intact Pit-1 POU homeodomain. Functionally, this differs from the observed Pit-1-induced hyperacetylation of histone H4, which appears to require both the POU homeodomain and the N-terminal trans-activation domain. This interpretation, of course, assumes similar levels of Pit-1 expression. It was shown in a transgenic mouse model that the insertion of a TerF termination element downstream of HS I/II repressed RNA pol II tracking, but had no effect on histone hyperacetylation in this region . The results presented here appear to extend this idea by i) showing that HS III may act as a (ubiquitously available) entry point for changes to HS I/II that lead to GH expression in pituitary cells, and ii) linking the previously demonstrated mechanistic difference to Pit-1 function. The POU homeodomain is responsible for low-affinity, non-specific DNA binding (Ingraham et al. 1990b) , and for protein-protein interactions (Bradford et al. 2000) . The N-terminal trans-activation domain has been shown previously to be responsible for transcriptional activation (Ingraham et al. 1990a) , and it is thus intriguing that this region might not be required for RNA pol II activity in the GH LCR, but is required for chromatin modifications. Thus, in addition to transcriptional activation, the N-terminal domain may contribute to the recruitment of factors, such as histone acetyltransferases, which modify chromatin.
Our data also indicate that Pit-1 does not associate directly with DNA sequences in the HS III region. Potential candidate binding sites were identified based on similarity to related Oct-1-like DNA elements, but no Oct-1 or Pit-1 (direct or indirect) interaction was detected ( Fig. 4B and E) . However, HS III-related sequences do contain an ETS DNA element that lies -20) . Additional human pituitary tissue samples were treated with either 2! dithiothreitol before SDS-PAGE and immunoblotting using N-20 Pit-1 antibodies, or SDS-PAGE and immunoblotting using X-7 Pit-1 antibodies. The bands that are consistent with the expected size for monomer and homodimer forms of Pit-1 at w33 and 66 kDa respectively are indicated by arrowheads. (C) Immunoprecipitation (IP) was performed using nuclear extracts from human pituitary tissue samples to detect the Pit-1/ELK1 interaction using the Universal Magnetic Co-IP kit according to the manufacturer's instructions; note: the first lane of (B) represents the 'input' human pituitary sample for this IP. Antibodies against ETS1 (N-276) and ELK1 (I-20) , as well as non-immune normal rabbit serum (NRS), were used to precipitate the associated proteins. Purified proteins were resolved by SDS-PAGE, immunoblotted, and detected with . The mobilities of molecular weight markers (in kDa) are shown.
upstream and in close proximity to OLEd (Fig. 4A) , and this was shown previously to bind to ETS factors by EMSA, as well as to associate with ELK1 in human pituitary chromatin in situ ( Jin et al. 2004) . Our results obtained with human GH-N-related sequences (Fig. 5) as well as those of others in the context of rat prolactin gene regulation (Bradford et al. 1997 , GutierrezHartmann et al. 2007 ) suggest that Pit-1 and ETS factors, including ELK1 and ETS1, can participate in a common human pituitary protein complex. However, it should be noted that no additional band was detected using the OLEd as a probe and comparing nuclear extracts from HEK293 cells without or with Pit-1 expression by EMSA (Yang 2010) . This might reflect a low level of endogenous ELK1 and thus Pit-1/ETS/ factor complex and/or instability of the complex under the EMSA conditions employed.
Pit-1 was shown previously to associate with ETS1 via the Pit-1 POU homeodomain, and act synergistically to activate the rat prolactin promoter (Bradford et al. 1997 (Bradford et al. , 2000 . An ETS-binding motif in the Pit-1 POU homeodomain was both necessary and sufficient for direct binding of Pit-1 to ETS1 in a DNA-independent manner. Thus, the POU homeodomain has been linked to protein-protein interactions and function (Gutierrez-Hartmann et al. 2007) as well as to lowaffinity DNA binding (Ingraham et al. 1990b) . Our data are consistent with these observations and a role for the Pit-1 POU homeodomain in the context of the human GH-N locus. Effects on hyperacetylation and DNA accessibility at HS III were reduced significantly with the expression of the DPOU S mutant versus wt Pit-1 (Figs 1 and 2 ). These effects do not appear to require direct binding of Pit-1 to the DNA, as the POU-specific domain mutant, which also affects DNA binding (Fig. 3B) , was not significantly different from wt Pit-1. Finally, wt Pit-1 but not the POU homeodomain mutant Pit-1 was able to associate, presumably indirectly, with an ETS element-containing HS III oligonucleotide (Fig. 5A) , raising the possibility that Pit-1 may interact with the HS III region via this ETS element. To our knowledge, this is the first report to suggest co-operation between the ETS family and Pit-1 in the regulation of pituitary GH.
In addition to providing evidence that Pit-1 can induce further chromatin remodeling, and at HS III, Pit-1 was also able to preferentially stimulate endogenous (human) GH-N RNA expression in HEK293 cells (Fig. 7) . In contrast, overexpression of the ETS factor ELK1 resulted in increased (placental) CS and GH-V as well as GH-N transcripts. ETS factors are known to have enhancer-like activity in pituitary, placental, and non-pituitary/placental cells and, as indicated previously, ETS factor binding to DNA sequences in the HS III region of the GH LCR was demonstrated ( Jin et al. 2004) . Interestingly, the relative response to Pit-1 expression appears to be linked to ETS factor and/or ELK1 levels, as GH-N RNA levels increased from 6-to 23-fold in the presence of basal ETS family levels versus overexpressed ELK1 (Fig. 7) . These data also support a functional role for Pit-1 and ETS family members in the control of human GH gene expression.
It must also be noted that the specific increase in GH-N versus CS/GH-V levels observed with Pit-1 expression occurs regardless of ELK1 overexpression (Fig. 7) . This suggests that in addition to an important (Nachtigal et al. 1993 , Norquay et al. 2006 . Finally, the observation that overexpression of ELK1 in HEK293 cells resulted in a significant increase in endogenous CS as well as GH transcripts raises the possibility of a role for ETS factors in the activation of the GH/CS LCR in both the pituitary and placenta, or reflects an apparent 'general' stimulation of transcriptional activity (Gutierrez--Hartmann et al. 2007) . Thus, this effect might be independent of Pit-1 and HS III-related sequences. Expression of exogenous Pit-1 in HEK293 cells resulted in significant chromatin remodeling at the endogenous HS III region (Fig. 1) . HS III was originally reported to be present in both pituitary and placental chromatin, but it is now described as 'constitutive' ( Jones et al. 1995 , Kimura et al. 2004 . The 'poised' nature of the chromatin at HS III and the results presented here raise and are consistent with the possibility that Pit-1 associates with a member (or members) of the ETS family via its POU homeodomain, and thereby gains access to the GH LCR through HS III. What is less clear is whether the ability of Pit-1 (and/or ETS factor) to stimulate RNA pol II activity, as indicated by effects on DNA accessibility and endogenous GH-N RNA, has any further role in facilitating Pit-1 and HS I/II interaction. The ability of ELK1 to associate with the HS III region in human pituitary tissue in situ and participate in a common complex with Pit-1, as suggested through co-IP and gel shift/competition assays (Figs 5 and 6 ), raises the possibility that the resulting stimulation of RNA pol II activity and increased DNA accessibility observed at HS III extend out from this point; this effect might be more pronounced in progenitor pituitary cells. In this scenario, Pit-1 is recruited by ELK1 (or possibly by other ETS family members), to the already 'poised' HS III site, resulting in further chromatin remodeling and recruitment of additional proteins. The 'cascade' of chromatin remodeling along the locus may then open up HS I/II and result in direct protein-DNA association of Pit-1 to its binding sites within HS I/II, an essential step in establishing a functional GH-N promoter in the pituitary (Ho et al. 2002) .
Alternatively, an ETS factor/Pit-1 interaction might play a role in maintaining a chromatin configuration that supports appropriate GH-N promoter activity in the pituitary. Recent studies using the chromatin conformation capture (3C) assay suggest that HS III, V and HS I/II regions interact in pituitary chromatin, with looping out of intervening sequences (Ho et al. 2008) . The presence of this 'specificity' loop can be linked with appropriate (site of integration independent and pituitary specific) expression of GH-N in transgenic mice (Ho et al. 2002) . A second loop between HS I/II and the GH-N promoter region is associated with efficient promoter activity (Ho et al. 2002 (Ho et al. , 2008 . It is therefore noteworthy that ELK1 and Pit-1 have been shown to associate with HS III and HS I/II regions respectively in situ ( Jin et al. 1999 , Shewchuk et al. 1999 . This raises the possibility that ELK1 (and/or other ETS factors) and Pit-1 participate in a common complex that supports the generation and/or maintenance of the 'specificity' loop involving HS III, V and HS I/II regions of chromatin. The roles for ETS factor/Pit-1 interaction in recruitment of Pit-1 or formation and/or maintenance of a looped chromatin configuration in the GH LCR are, of course, not mutually exclusive.
In summary, a specific role for HS III in the GH/CS locus is suggested by its presence and open configuration, as well as by the predicted molecular interactions that are probably part of the LCR complex. These interactions are suggested by the requirement of HS I-III, V for appropriate human GH-N gene expression (in transgenic mice), and the looping of chromatin to bring the HS III, V region in close proximity with HS I/II and the GH-N promoter in vivo , Ho et al. 2008 . Consistent with this idea, introduction of Pit-1 into (human) HEK293 cells resulted in further chromatin remodeling and increased DNA accessibility extending from HS III. These effects of Pit-1 appear independent of DNA binding but rather via protein-protein interaction involving the POU homeodomain. Clearly, Pit-1 alone is necessary but not sufficient to limit appropriate GH-N X YANG and others . Pit-1 interaction at HS III in the GH LCR gene activation in pituitary somatotrophs, given the presence of Pit-1 protein in both lactotrophs and thyrotrophs. The potential interaction of Pit-1 and ETS factors in human pituitary samples and the presence of an ETS site at HS III raise the possibility that members of the ETS family may act as co-factors with Pit-1 that contribute to differential recruitment and/or activation and expression of specific genes, such as human GH-N and prolactin, thereby helping to define a particular cell type.
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